The age at which individuals die varies substantially within and between species, but we still have little understanding of why there is such variation in life expectancy. We examined sex-specific and genetic variation in adult lifespan and the shape of mortality curves both within and between two populations of the seed beetle, Callosobruchus maculatus, that differ in a suite of life history characters associated with adaptation to different host species. Mean adult lifespan and the shape of the logistic mortality curves differed substantially between males and females (males had lower initial mortality rates, but a faster increase in the rate of mortality with increasing age) and between populations (they differed in the rate of increase in mortality with age). Larger individuals lived longer than smaller individuals, both because they had lower initial mortality rates and a slower increase in the rate of mortality with increasing age. However, differences in body size were not adequate to explain the differences in mortality between the sexes or populations. Both lifespan and mortality rates were genetically variable within populations and genetic variance/ covariance matrices for lifespan differed between the populations and sexes. This study thus demonstrated substantial genetic variation in lifespan and mortality rates within and between populations of C. maculatus.
Introduction
The age at which individuals die varies substantially within and between species (Tatar, 2001) . Although the reasons why organisms senesce and die are generally well understood (Medawar, 1952; Hamilton, 1966; Williams, 1957; Rose, 1991 ) the causes of the substantial variation in rates of senescence and mortality are not well understood. Some of the within-population variance in lifespan and mortality rates is genetically based (eg, Tatar and Carey, 1994a , and references therein). However, even within genetically homogeneous cohorts, individuals vary in the age at which they die. Body size is commonly observed to covary with variation in lifespan and mortality rates, although patterns are generally inconsistent across studies. In many mammals, small stature is associated with increased lifespan and reduced risk of mortality (Miller et al, 2000 and references therein) . In other studies, variation in size does not covary with lifespan (eg, Nilssen, 1997) or large individuals live longer than small individuals (Mller et al, 1989) . In insects, body size varies substantially across species, across populations within species, and between the sexes, potentially explaining much of the variation in lifespan that is observed in nature.
Part of the reason we have little understanding of what causes variation in lifespan and rates of senescence is that biologists have paid little attention to describing the variation in patterns of mortality and senescence. Instead, most studies simply document differences in mean lifespan between populations or species. However, senescence refers to intrinsic degeneration of function that produces an increase in age-specific mortality with increasing age (Tatar, 2001) . Mean lifespan provides information about mortality averaged across all ages, but obscures how the patterns of mortality vary with age (Tatar and Carey, 1994b; Curtsinger et al, 1995; Tatar, 2001) , and thus obscures how patterns of senescence vary. Even when comparing survival curves, which consider survival differences as a function of age, it is difficult to distinguish whether study groups differ in initial mortality rates or in the rate of change in mortality with increasing age, though the two patterns have quite different theoretical implications. Comparison of how mortality rates change with age allows the easy distinction of specific events that cause mortality (such as spikes of mortality during mating or egg laying) from differences in rates of senescence.
The mortality rate (u x ) is a measure of the probability of dying that reflects the age-specific slope of the survivorship curve. u x is not bounded by 0 or 1 and is largely independent of sampling interval (Elandt-Johnson and Johnson, 1980; Allison, 1995 ; but see Pletcher, 1999a) . Senescence is generally quantified as an increase in the mortality rate with increasing age. The rate of senescence, measured as the exponent (b) describing the exponential rate of increase in mortality rate (u x ) with increasing age, has until recently been believed to vary little within species (Finch, 1990) . However, recent studies have shown that rates of increase in mortality rates vary among populations or among cohorts/ genotypes within populations of a species (Tatar and Carey, 1994a; . For senescence to evolve in response to natural selection, there must be genetic variation in the shape of the mortality curve. However, few studies have examined the degree to which mortality curves vary in shape, and even fewer have demonstrated that mortality curves are genetically variable or have examined which features of the curves are genetically variable . Most studies that have examined genetic variation in mortality curves have done so using Drosophila (but see Tatar and Carey, 1994a) .
Populations of Callosobruchus maculatus vary substantially in lifespan, body size, and a suite of morphological, behavioral, and life history traits (Messina, 1990) . In all populations studied, mean lifespan is higher for females than males, possibly due to a difference in the age at which mortality becomes age-dependent (Tatar and Carey, 1994b) . Variation in adult lifespan within populations is heritable (Mller et al, 1989; Tatar and Carey, 1994a) . Although a couple studies have shown a positive relationship between body size and adult lifespan (Mller et al, 1989; Tatar and Carey, 1994a) , only Mller et al (1989) has demonstrated a significant genetic correlation between body size and lifespan.
In this study we examine two populations of C. maculatus that differ in a large suite of traits, including body size, adult lifespan, larval competitiveness, oviposition behavior, and degree of paternal investment (eg, Savalli et al, 2000) . Some of these traits are known to be attributable to differences in selection associated with their host plants. For example, C. maculatus is a seed parasite. Host seed size variation between these two populations has driven differentiation in body size and larval aggressiveness; selection favors large beetles that are highly aggressive when larvae develop inside of Vigna radiata seeds, because the seeds are small and can only support the development of one or two larvae, but favors the evolution of less-aggressive larvae that are small and tolerant of scramble competition when larvae develop inside of the larger V. unguiculata (Messina, 1991; Messina and Slade, 1997) . Relevant to this study is the observation that the large differences in body size between populations correspond to large differences in adult lifespan between populations (Figure 1 ), suggesting that host-associated selection on larval aggressiveness and body size may have driven large differences in other life history traits, including adult lifespan.
We examine sex-specific and genetic variation in adult lifespan and the shape of mortality curves both within and between populations. We then test whether (a) differences in body size between populations or (b) effects of rearing environment (host species) may be adequate to explain the differences in lifespan and mortality rates. Because we focus on the adult lifespan and patterns of mortality during the adult stage, this study largely ignores patterns of mortality during larval development (except for total larval mortality). However, differences in larval development between populations or between rearing hosts may influence patterns of adult mortality. Although we do not examine larval development in detail, we consider variation in larval egg-toadult development time as an indicator of variation in larval performance between populations and among families.
Methods
Natural history and study population C. maculatus is a cosmopolitan pest of stored legumes (Fabaceae), particularly beans of the genus Vigna. Females cement their eggs to the surface of host seeds (Messina, 1991) . Approximately 4-5 days later (at 26-281C), 
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Figure 1 Population means for (a) egg-to-adult development time, (b) adult mass, and (c) adult lifespan of C. maculatus. Note that SI beetles are much larger, and live longer than BF beetles. Also note the large difference in size between males and females. Beetles were reared to adult on either seeds of cowpea (V. unguiculata) or mung (V. radiata).
Evolutionary genetics of lifespan and mortality rates the eggs hatch and the first instar larvae burrow through the seed coat and into the seed. Larval development and pupation are completed entirely within a single seed; larvae go through four instars plus a pupal stage inside the seeds, and then emerge as reproductively mature adults. This beetle's short generation time and ease of laboratory rearing in a seminatural storage environment make it an excellent animal for life history studies. Having evolved to use dry seeds, and most recently having evolved in a storage environment, C. maculatus larvae develop and adults mature, mate and complete reproduction using only metabolic water and the resources acquired during larval development (ie, they are capital breeders; Messina and Slade, 1999) . In some bruchids (eg, Bruchus pisorum) adult feeding (on pollen, floral or extra-floral nectarines, or leaf fungi) is common and these nutrients are used for maturation of eggs (eg, Clement, 1992) . In Callosobruchus and some other storage pest bruchids access to adult resources also has a small positive effect on female fecundity and improves adult lifespan (Leroi, 1978; Shinoda and Yoshida, 1987; Fox, 1993a, b; Tatar and Carey, 1995) . However, C. maculatus adults have no access to food or water in a storage environment (they cannot feed externally on seeds) and there is little evidence that they feed as adults outside of a storage environment.
We used two populations of beetles for these experiments. The South India (SI) population was collected in 1979 from infested pods of mung bean and the closely related black gram (both V. radiata) in Tirunelveli, India (Messina and Slade, 1997) . The Burkina Faso (BF) population was collected in 1989 from infested pods of cowpea (V. unguiculata) in Ouagadougou, Burkina Faso (Messina, 1993; Messina and Slade, 1997) . These two populations differ in a whole suite of traits, including body size, lifetime fecundity, patterns of egg dispersion, oviposition preference, and adult longevity (see Introduction). Both populations were maintained in laboratory growth chambers on seeds of V. radiata (SI) or V. unguiculata (BF) at 41000 adults per generation for 4100 generations (BF) or 4200 generations (SI) prior to this experiment.
Experimental design
We used a half-sib design to quantify genetic variation in larval developmental period, adult mass, adult lifespan, mortality rate, and the genetic correlations among these traits. To create half-sib families, virgin male beetles (44 sires from the SI population, and 51 sires from the BF population) were each mated sequentially to between two and four different virgin females. Each virgin male, collected within 12 h of his emergence from an isolated host seed, was isolated in a 35-mm Petri dish and allowed to mature for 1 day (although males are capable of mating immediately following emergence, their ejaculate is not fully formed; Fox et al, 1995) . Each male was then confined in a 35-mm Petri dish with a virgin female that was o12 h post-emergence, and allowed to copulate. Males were presented females sequentially, one per day, until they successfully mated with four females. Most males fertilized all four females, but a few females were not successfully fertilized resulting in fewer than four dams per sire.
Because the two populations of beetles were collected from, and maintained on, two different species of Vigna, host-species effects on mortality patterns need to be considered in any population comparison. We thus used a split brood design to raise offspring on both host species. Note that this design allows us to consider rearing host effects on lifespan but, because the parents of SI beetles were reared from a different host than the parents of BF beetles, our results are potentially confounded by nongenetic parental effects (Mousseau and Fox, 1998) .
To collect eggs on both host species, half of the mated females from each sire were placed in a 60 mm Petri dish containing E40 mung seeds (V. radiata) and the other half were confined in a 60 mm dish with E20 cowpea seeds (V. unguiculata). Every 12 h the female was transferred to a new dish of seeds, alternating between the two host species such that all females laid eggs on both host species. This was continued for 3 days. We raised 24 offspring per female (12 from each host species) which, after a small amount of larval mortality, resulted in 8746 adult offspring.
Larvae were reared to adult at densities of one beetle per seed (excess eggs were scraped off), one seed per dish (to ensure that only one beetle emerged from each dish), 251C, L:D 15:9. Egg-to-adult mortality was very low in both populations on both hosts, but generally lower for BF larvae and lower for larvae raised on mung (BF on cowpea, 0.041; BF on mung, 0.022; SI on cowpea, 0.057; SI on mung, 0.033). Emerging beetles were collected twice daily, at 12 h intervals. All adults emerged solitarily into a dish and were thus virgin. A random sample of approximately two-thirds of the emerging beetles from each family (eight per family per host, chosen prior to emergence) were weighed within 12 h of their emergence from the seed (N ¼ 5528). All beetles were subsequently transferred into a sterile 35 mm Petri dish and maintained at 251C, L:D 15:9, until death. Beetles were scored twice daily (at 12 h intervals) to ascertain age at death.
Analyses
A Weibull distribution was not appropriate for analyzing differences in mortality (hazard) functions [u(t) ] between sexes because log{Àlog[S(t)]} vs t was not linear [where S(t) is survival at time t] (Parmar and Machin, 1995) . Neither a Gompertz nor a Gompertz-Makeham model described mortality rates as well as a logistic mortality function of the form u(t) ¼ ae bt /[1 þ (as/b)(e bt À1)], where a is the initial mortality rate, b is the rate of exponential increase in mortality at young ages, and s describes the degree of deceleration in mortality with increasing age (Vaupel, 1990; Pletcher, 1999b) . This model is similar to a Gompertz mortality model except that it incorporates a term (s) to account for the slowing of the increase of mortality rate with age . Parameters were estimated using the maximum likelihood estimation procedure of WinModest (Pletcher, 1999b) . A Cox-proportional hazards model was used to test for overall sex, host and population differences in u(t) (Allison, 1995; Parmar and Machin, 1995) . We used the log-likelihood-ratio test of WinModest to test whether individual parameter estimates (a, b and s)
Evolutionary genetics of lifespan and mortality rates differed significantly between males and females, between rearing hosts, and between populations.
Genetic variances and covariances for adult body mass, lifespan, and egg-to-adult development time were calculated using the restricted maximum likelihood variance component estimation procedure of SAS Proc VARCOMP (Littell et al, 1991) , with V A (the additive genetic variance) ¼ 4V S (the among sire variance component), and the heritability (h 2 ) ¼ V A /V P (Roff, 1997) . Standard errors for V A and h 2 were calculated following Becker (1992) . For comparison with these estimates, V A , h 2 , and their standard errors were also calculated via jackknifing the variance component estimates across sires (within populations) using S-Plus (Venables and Ripley, 1997; Selvin, 1998) . Additive genetic correlations (r A ) were calculated both between traits within sexes and between sexes. Between-trait genetic correlations were estimated using standard varcomp procedures in S-Plus (Venables and Ripley, 1997; Selvin, 1998) . Standard errors for r A estimates were calculated by jackknifing estimates across all sires within each population (Knapp et al, 1989; Windig, 1997; Fox et al, 1999) . We calculated between-sex additive genetic correlations for adult lifespan and body mass from the various maximum likelihood variance components (Fry, 1992; Lynch and Walsh, 1998) , as r A ¼ s 2 sire-mixed /s sire-male s sire-female , where s 2 sire-mixed is the estimated sire main effect variance component from the complete mixed model analyses of variance, with progeny sex treated as factor, and s sire-male and s sirefemale are the estimated sire main effect variance components from the two reduced models [one for each sex; data were standardized to Normal(0.1) to correct for differences in mean and variance between the sexes]. Only the sire (co)variance components were used to avoid possible bias due to dominance and maternal effects (Mousseau and Fox, 1998) . Standard errors for r A were estimated via the jackknife as in Fox et al (1999) . The hypotheses that r A o1 was tested using a one-sample t-test (Knapp et al, 1989) .
To compare genetic variance-covariance matrices (Gmatrices; Becker, 1992; Lynch and Walsh, 1998) between populations, sexes and hosts, we used the MANOVA method of Roff (2002) . For each group, we calculated the G-matrix. We then deleted in turn a single sire group and calculated the pseudovalues according to the usual jackknife procedure (Potvin and Roff, 1993; Manly, 1997) . The final data matrix was arranged such that the columns comprised the pseudovalues of each (co)variance and the rows the results for the deletion of a given family (so the ith row jth column is the pseudovalue for the jth (co)variance for the sample with the ith family deleted). The data set was then analyzed with MANOVA (Tabachnick and Fidell, 2001 ) using S-Plus (Venables and Ripley, 1997; Selvin, 1998) .
Results

Population-level mortality patterns
Postemergence from the seed (ie, post-maturation), females lived on average 6.5 to 6.6 days longer than males (averaged across each population-host combination; F (1, 8152) ¼ 4200, Po0.001 in the complete ANOVA; , and (e, f) log-transformed mortality curve, log[u(t)], for male and female C. maculatus from the SI and BF populations. The mortality curve was best explained by the logistic mortality model,
, where a is the initial mortality rate, b is the rate of exponential increase in mortality at young ages, and s describes the degree of deceleration in mortality with increasing age (see parameters values in Table 1 ).
Evolutionary genetics of lifespan and mortality rates differed substantially between males and females for each population-host combination (Cox proportional hazards, w 2 (1) 4543, Po0.001 for each; Breslow ties handling; Figure 2c-d) . Mortality patterns were best described by a logistic mortality model of the form
, where a is the initial mortality rate, b is the rate of exponential increase in mortality at young ages, and s describes the degree of deceleration in mortality with increasing age. Male and female mortality curves differed significantly in all three parameters of the mortality model (a, b, and s) for all population-host combinations (log-likelihood-ratio test; three parameters with four pair-wise tests each; w 2 (1) 438.6, Po0.001 for every test; WinModest) ( Table 1) ; although females had a higher initial mortality rate than males (a) the rate of exponential increase in mortality with increasing age was substantially greater in males (ie, higher slope, b) than in females. Unlike Tatar and Carey (1994b), we did not find that males and females differed substantially in the age at which mortality switched from being age-independent to being agedependent ( Figure 2e -f); in both populations, mortality began increasing exponentially between age 4 and 5 days.
Beetles reared on mung lived on average 0.8-1.2 days longer than beetles reared on cowpea (averaged across each population-sex combination; F (1, 8152) ¼ 88, Po0.001 in the complete ANOVA). The mortality functions also differed substantially between beetles reared on mung and beetles reared on cowpea for each population-sex combination (w 2 (1) 410.7, Po0.002 for each). However, in pair-wise comparisons of the parameters of the mortality function for mung and cowpea reared beetles, few were significantly different between rearing hosts (Table 1; Interestingly, there was no detectable sex Â population, host Â population, or sex Â host interaction effect on mean adult lifespan (P40.22 for each in the overall ANOVA).
Relationship between body size and adult lifespan
In the SI population, larger individuals lived longer than smaller individuals, regardless of rearing host or sex. However, mass explained only a small percentage of the total variation in lifespan. In separate linear regressions for each sex-host combination, R 2 values ranged from 0.045 to 0.14 although, due to large sample sizes, the effect was always highly significant (Po0.001 for each host-sex combination). There was no evidence that the relationship between body size and adult lifespan differed between the sexes or between hosts (no significant mass Â sex or mass Â host interactions in an analysis of covariance). In the BF population, the relationship between adult size and lifespan differed between males and females; body mass affected adult lifespan of males (but R 2 o0.04, Po0.001 for both rearing hosts) but there was no detectable effect of body mass on adult lifespan of females (R 2 o0.01, P40.14 for each host). This difference between males and females was detectable in an analysis of covariance as a marginally nonsignificant mass Â sex interaction (P ¼ 0.06). In the complete analysis of covariance (both populations combined) there was a highly significant effect of mass (Po0.001) and a highly significant population Â mass interaction (Po0.001) but, probably due to the small proportion of the variance explained by body size in the linear regressions, the sex Â mass and population Â sex Â mass interactions were nonsignificant (P40.19 for each). There was no evidence that the effect of mass on adult lifespan differed between host plants for either population (nonsignificant mass Â host interactions).
To test which parameters of the mortality model differed between large and small individuals, we divided each population-sex-host data subset (eight combinations) into two equal parts based on size, large vs small individuals (above vs below the median). For the purpose of estimating model parameters, it was a is the initial mortality rate, b is the rate of exponential increase in mortality at young ages, and s describes the degree of deceleration in mortality with increasing age.
Evolutionary genetics of lifespan and mortality rates impractical to divide the data set into smaller size classes due to substantial loss of power for comparing parameters. For all eight population-sex-host combinations, animals in the large size class had a longer average adult lifespan than did animals in the smaller size class (t-test, Po0.05 for all comparisons). The shape of the survival curve also differed between the body size classes for all eight pairs of data sets (Cox proportional hazards, w 2 (1) 44.4, Po0.04 for each test). However, after fitting a logistic model separately to each size class, the only parameter differences we could detect between size classes was for s, the rate at which mortality leveled off at increasing age (likelihood ratio test, significant for BF males and females reared on cowpea, and for SI females raised on cowpea, w 2 (1) 44.5, Po0.04; P40.05 for all other comparisons). No other differences in parameters between size classes were significant in the individual comparisons (P40.05 for each), but for seven of the eight comparisons, the estimate of a was lower for larger individuals than for smaller individuals (sign test, Po0.01; ie, lower initial mortality rates for larger individuals), and for six of the eight, the estimate of b was lower for larger individuals than for smaller individuals (Po0.075; ie, slower increase in the mortality rate for larger individuals).
To test the hypothesis that the body size difference between SI and BF lines (Figure 1a ) is adequate to explain the difference in adult lifespan between populations (Figure 1b) , we first removed the linear effect of body size from the analysis (using linear regression) and tested whether residuals from the body mass vs adult lifespan regression differed between populations (separate regression analyses for each sex and rearing host). The lifespan difference between populations was still highly significant (F (1,5143) ¼ 31.92, Po0.001), indicating that the lifespan difference between populations cannot be fully explained by the linear relationships between body mass and adult lifespan within each sex.
We tested whether body size could explain the differences in lifespan between the two sexes using the same type of residual analysis (the residuals were calculated separately for each population and rearing host). The lifespan difference between the sexes was still highly significant (F (1,5143) ¼ 166.10, Po0.001), indicating that the lifespan difference between males and females cannot be fully explained by the linear relationships between body mass and adult lifespan within each sex.
Genetic variation and covariation
Within populations, the shape of the mortality curves varied significantly among sire families (pooling dams; Cox proportional hazards, w 2 (1) 423.4, Po0.001 for both populations) and among dam (full-sib) families (w 2 (1) 424.5, Po0.001), demonstrating that there is genetic variation in the shape of mortality curves within both populations (note that this analysis is potentially confounded by maternal effects but, because beetles were raised individually rather than in groups the variation in the shape of the mortality curve among families is not confounded by covariance among siblings due to a common-rearing environment). Unfortunately, we were unable to test for variation in the specific parameters a, b, and s due to limited family sizes within each sire.
The MANOVA analysis indicated that the G-matrices (the genetic variance-covariance matrices) differed significantly between populations (Wilks'l ¼ 0.969, F (6,370) ¼ 3.93, P ¼ 0.009) and between the sexes (Wilks'l ¼ 0.979, F (6,370) ¼ 2.67, P ¼ 0.047). We did not detect a significant difference between the two rearing host species (Wilks'l ¼ 0.995, F (6,370) ¼ 0.61, P ¼ 0.60) nor any population Â sex, population Â host, or sex Â host interaction (P40.47 for each).
Estimates of the heritability (h 2 ) of adult lifespan varied between 0.251 and 0.702 (Table 2) . In SI beetles, h 2 was higher in males than in females (Table 2 ), although the difference was only significant for non-jackknifed estimates for beetles reared on cowpea. This gender difference in h 2 was due to a substantial difference between the sexes in the amount of environmental variance (estimates of V E ranged between 34 and 37 for females, but only between 7 and 9 for males). The higher V E for females resulted in much higher V P and thus lower h 2 . V E was likewise higher for females than for males for BF beetles (Table 2) . However, V A was also substantially higher in females than in males (Table 2) such that the proportion of V P explained by V A (h 2 ) was actually the same for both sexes in the BF population. Because the means for adult lifespan differed substantially between males and females, the differences in V A and V E could be artifacts of a difference in scale between the sexes (Houle, 1992; Messina, 1993) . Thus, we calculated the coefficient of environmental variation for lifespan and found that the large difference in V E between males and females disappeared in the BF population (no difference in CV E between males and females), but that CV E was still higher for females in the SI population (E45% higher).
Estimates for the heritability (h 2 ) of body mass varied between 0.367 and 0.646, but did not differ between hosts, sexes or populations (Table 2 ; t-tests, P40.05). This range of heritabilities is similar to the range of heritabilities of body size found for other populations of C. maculatus (Mller et al, 1989; Messina, 1993; Fox, 1994; Tatar and Carey, 1994a; Guntrip et al, 1997) and for other seed beetles (Fox, 1998) . There was no detectable genetic variation in egg-to-adult development time. Overall estimates of V A and h 2 of development time tended to be higher for SI beetles than for BF beetles, but none of the estimates differed significantly from zero, and none differed between hosts, sexes, or populations ( Table 2) .
As demonstrated with the regression analyses above, body size was phenotypically correlated with lifespan for SI males and females, and for BF males, but not for BF females (Table 3) , and these correlations differed between populations and between the sexes, but not between rearing hosts. However, none of the significantly positive phenotypic correlations between adult mass and adult lifespan reflected underlying positive genetic correlations; instead, three of the eight estimated genetic correlations were actually negative, and none differed significantly from zero (Table 3) . Lifespan remained heritable after the removal of body mass for all eight population-host-sex combinations (F41.63, Po0.02) except BF males raised from cowpea (F (50,157) ¼ 1.26, P ¼ 0.14) which was the lowest estimate of h 2 prior to removing the effect of body mass (Table 2) .
Evolutionary genetics of lifespan and mortality rates
Phenotypically, body size was positively correlated with development time (all estimates are positive and five of the eight estimates are significantly different from zero; Table 3 ). However, because some estimates of V A for development time were zero (Table 2) , genetic correlations between development time and other traits could not be calculated for some of the sex-host combinations. In general, the jackknife pseudovalues varied so substantially that estimates of r A between development time and both body mass and adult Genetic variances were calculated using the restricted maximum likelihood variance component estimation procedure of SAS Proc VARCOMP (Littell et al, 1991) . Standard errors for h 2 calculated following Becker (1992) . See Fox (1998) and Fox et al (1999) for other examples of these procedures. a Estimated among-sire variance component was 0, resulting in a 0 V A and 0 h 2 . b Estimated assuming dominance, epistasis and maternal effects are 0. Neither maternal effects nor dominance explained more than 5% of the variance for any analysis except development time, for which maternal effects were often large, calculated from the restricted maximum likelihood variance component estimation procedure of SAS Proc VARCOMP. c Although genetic variances cannot be negative, the estimates from the jackknife pseudovalues can be negative.
Evolutionary genetics of lifespan and mortality rates lifespan ranged between À1.8 and 2.8 (Table 3) . We thus found them generally uninterpretable and deleted development time from our G-matrix comparison.
In the SI population, adult lifespan of males was highly positively genetically correlated with the adult lifespan of females (additive genetic correlation between males and females, r A ¼ 0.78270.095 for beetles reared on cowpea and 0.83670.059 for mung); that is, sires that produced long-lived sons also produced long-lived daughters, and vice versa. The cross-sex genetic correlation was significantly lower in the BF population (r A ¼ 0.48670.303 for cowpea and 0.32570.198 for mung). Interestingly, the cross-sex genetic correlations for body size showed the reverse pattern, higher in the BF population (r A ¼ 0.89570.047 for cowpea and 0.91270.038 for mung) than the SI population (r A ¼ 0.27970.336 for cowpea and 0.14170.267 for mung).
Discussion
Mortality patterns
In many animals, females live longer than males (Hazzard, 1986; Smith and Warner, 1989) . In both populations of C. maculatus examined here, females lived longer as adults than did males. This sex difference was not due to higher initial mortality rates of malesfemales actually had higher initial mortality rates than did males (a in Table 1 ). Instead, the rate of increase in the mortality rate with increasing age was much greater for males than for females. For a different population of C. maculatus (from California, USA), Tatar and Carey found that mortality was largely age-independent in males until age 5 days, at which there is an abrupt transition to age-dependency (Figure 1 in Tatar and Carey, 1994b) . They found that this abrupt change-point occurred in females much later (age 11-12 days), explaining much of the sex difference in mean adult lifespan. In our two populations, we did not find that males and females differed substantially in the age at which mortality switched from being age-independent to age-dependent; in both populations, mortality began increasing exponentially between age 4 and 5 days. The sex difference in C. maculatus lifespan in the BF and SI populations was due largely to a difference in the rate of exponential increase in mortality with increasing age rather than the change-point from age-independent todependent mortality. This difference between studies highlights that although it is a common pattern among animals that males live shorter lives than females, the mechanistic explanation for these lifespan differences must necessarily differ among species, and even among populations within species (Tatar et al, 1997) .
Mean lifespan also differed substantially between the two populations; SI beetles lived longer than BF, regardless of sex. This difference was due to a greater rate of increase in mortality rate with increasing age (b) in SI than BF beetles. We initially expected that body size would explain much of the difference in lifespan between populations, and between males and females, because the body size difference between populations and the sexes correspond in magnitude to the mean lifespan differences (Figure 1 ). Since Callosobruchus mate and reproduce using primarily larval-acquired resources (Messina and Slade, 1999) , the amount of resources acquired during larval development (which affects larval and adult size) should have a large effect on adult longevity. However, like most studies with Drosophila and other insects (eg, Tatar and Carey, 1994a; Rodriguez et al, 1999; Norry and Loeschcke, 2002 ; but see Mller et al, 1989) our study found that the relationship between size and lifespan to be very weak and the underlying genetic correlation between size and lifespan was indistinguishable from zero suggesting little cause and effect relationship between the two. This is consistent with the results of Tatar and Carey (1994a) who found weak phenotypic correlations but no genetic correlation between body size and adult lifespan in another population of C. maculatus. However, Mller et al (1989) found a highly positive additive genetic correlation body mass and adult lifespan (r A ¼ 0.7670.16) and results of Messina and Fry (2003) suggest a slightly positive genetic correlation between lifespan and body size. Interestingly, in another seed beetle, Stator limbatus, males are larger than females (by 5-10%) but have significantly shorter lifespans, indicating that size is not the primary explanation for sex-based differences in mortality in that species . We thus require some explanation other than size differences to explain the sex-and population-based differences in lifespan. 
Evolutionary genetics of lifespan and mortality rates
Traditionally, mortality patterns have been described using a Gompertz model (Finch, 1990) , which includes terms for initial mortality (an intercept) and an exponent that describes the rate of exponential increase in mortality (the slope of the log[u(x)] vs age plot). However, recent studies have found that the rate of increase in mortality slows with increasing age and that a Gompertz model is not adequate for describing these mortality patterns and that the parameters of a Gompertz model can be misleading when there is significant slowing with age (eg, Promislow et al, 1996) . The parameter s in the logistic mortality model describes the rate at which the exponential increase in mortality decelerates with increasing age (Pletcher, 1999a, b) . We observe, for both sexes in both populations of C. maculatus, that the rate of increase of mortality gradually slows until mortality rates reach a plateau. Similar slowing of age-specific mortality rates and mortality plateaus are observed in other large-scale mortality studies (reviewed by , but are generally undetectable in smaller experiments due to the very small number of animals left alive when the plateau is reached. Such leveling off appears to be a real property of animal mortality patterns and is not the result of high adult density , contamination of experimental lines (Brooks et al, 1994) , differential aging of experimental cohorts or an artifact of using inbred lines (Hughes and Charlesworth, 1994) . For example, our study maintained and tracked adults individually until death and used a single cohort of a genetically highly variable outbred line. Although our study was large enough to detect a mortality plateau in both sexes of both populations (8746 individuals in total), and to test for differences among populations and sexes in the value of s, we were unable to measure the exact value of the plateau or test for differences in the value of the plateau because few animals were still alive this late in the experiment. However, visually we can estimate the plateau at approximately u(x) ¼ 0.40 (an instantaneous risk of death of 0.40) and similar between sexes and populations. This is substantially higher than the plateaus observed in Tatar and Carey's (1994b) experiments with a California population of Callosobruchus (plateau at E0.20%) and higher than for most other organisms studied .
The reason mortality patterns reach a plateau is unknown. Redundancy models and reliability theory, which assume that organisms are composed of multiple subsystems and that the organism can survive as long as a subset of these subsystems are functioning (which depends on subsystem reliability) predict that the rate of increase in mortality rates should decelerate with increasing age (ie, sa0) and can, in some situations, generate mortality plateaus (Gavrilov and Gavrilova, 2001) . Alternatively, the plateau may be an artifact of heterogeneity among individuals within populationsage-specific mortality rates may always increase exponentially but vary among cohorts or genotypes within a population (ie, different Gompertz curves for different subpopulations; Partridge and Mangel, 1999) . Genotypes or cohorts with either steeper individual mortality curves or higher initial mortality rates will die sooner, leaving less-frail individuals in the population at advanced ages (Vaupel and Yashin, 1985; Vaupel, 1990; Horiuchi and Wilmorth, 1998) . Although this hypothesis has not been well tested, substantial heterogeneity in mortality rates does exist in most well-studied animal populations (eg, , and was observed in our study (variation among families). However, theoretical explorations indicate that heterogeneity well beyond the amount generally observed for quantitative traits need be present in a population to generate a plateau (Vaupel and Carey, 1993; Drapeau et al, 2000 ; but see Service, 2000) . Alternatively, antagonistic pleiotropy, in which some mutations have beneficial effects on survival at one age and negative effects at another age, can generate mortality plateaus (Mueller and Rose, 1996 ; but see Wachter, 1999) .
Recently, Fox and Moya-Larañ o (2003) demonstrate that deceleration of the mortality rate observed at old ages, and the resulting mortality plateau, is a statistical property of any time-to-event trait that is affected by multiple genes or environmental factors. They develop a null model in which the expected mortality curve for a polygenic trait can be estimated from the observed mean and variance in lifespan. We compared the mortality curves for SI and BF beetles to the predicted curves from the null model. This comparison demonstrated that males of both populations of C. maculatus deviate from the null model differently than do females. Males show a significantly lower baseline mortality rate (lower intercept, a), but a higher rate of increase in the mortality rate (higher slope, b) than predicted by the null model. In contrast, females show a significantly higher baseline mortality rate and lower rate of increase than predicted by the null model. This difference between males was observed in both populations and for both rearing hosts. Interestingly, data for one other population of C. maculatus (Tatar and Carey, 1994b) and another species of seed beetle (Stator limbatus; also show that males have a rate of increase in the mortality rate than predicted by the null model, although in both of those analyses female mortality curves did not differ from those predicted by the null model (Fox and MoyaLarañ o, 2003) .
Evolutionary genetics of body size and lifespan Adult lifespan was heritable in C. maculatus, with the heritability ranging between 0.265 and 0.652 depending on the sex, host and population. These values are comparable to estimates found in other studies of C. maculatus (Mller et al, 1989) , other species of seed beetles (Nomura and Yonezawa, 1990; Tuciae et al, 1991; Tanaka, 1993) , other species of insects (Roff, 1992) , and humans (Christiansen and Vaupel, 1996) but generally higher than observed in Drosophila (eg, Curtsinger et al, 1995; Promislow et al, 1996 ; but see Hughes, 1995) . However, for senescence to evolve in response to natural selection, there must be genetic variation in the shape of the mortality curve, and not just in the mean lifespan. We found significant genetic variation within populations in the shape of mortality curves. Unfortunately, Callosobruchus family sizes are not large enough for us to accurately estimate the parameters of the logistic mortality curve separately for each family (which requires hundreds of individuals per family; Tatar and Carey, 1994b; Promislow et al, 1996) , so we were unable to test which parameters of the mortality curve were genetically Evolutionary genetics of lifespan and mortality rates variable. Because of the requirement for very large sample sizes, studies of genetic variation in mortality curves are most easily performed on organisms where diverse genetic lines can be examined, allowing large numbers of genetically identical or very similar animals to be raised per line (but see Tatar and Carey, 1994a) . Thus, the genetics of mortality curves have been examined almost exclusively in Drosophila, in which genetic variation in one or all three parameters has been detectable (Curtsinger et al, 1992; Hughes, 1995; Promislow et al, 1996 ; but see .
Although differences between the sexes for genetic (co)variance matrices have been reported for a number of traits in a few well-studied organisms, such as Drosophila and mice (eg, Eisen and Legates, 1966; Cowley et al, 1986; Badyaev and Hill, 2000) , very few have examined how genetic variances and heritabilities for lifespan differ between the sexes. We found significant differences between males and females in V A , but only in one population, while h 2 differed only in the other population. This discrepancy was due to a large difference between the sexes in V E in both populations. Part of this difference in V E was an artifact of large differences in mean lifespan between males and females. However, after correcting for the difference in mean lifespan (by calculating coefficients of variance, CV) females still showed inflated environmental variance relative to males (higher CV E ) in the SI population. Few studies have examined how V E differs between the sexes, but those that calculate V E for both sexes rarely find large differences (Cowley et al, 1986) , although Promislow et al (1996) found a pattern in Drosophila similar to what we observed (although they did not observe the inflated V E across all age classes). It is unclear why we should observe inflated V E in females. Because all beetles in our study were unmated virgins, the high V E in females may reflect variation in their ability to resorb eggs or to shutdown egg production in the absence of mates or oviposition substrates (Wilson and Hill, 1989; Messina and Slade, 1999) .
Alternatively, the high V E we observe may reflect greater dominance or maternal effects affecting lifespan of females than lifespan of males. Unfortunately, our half-sib design does not allow us to disentangle dominance genetic variation or maternal effects variation from environmental variation. Previous studies have shown that life history traits (such as lifespan) are often affected by substantial amounts of dominance variation, much more so than morphological traits (such as body size; Roff, 1997) . We know of no studies demonstrating that dominance variation should differ between males and females, but numerous studies have demonstrated that different genes affect male and female traits (including longevity) providing the opportunity for different genic and allelic interactions, such as different degrees of dominance, in the two sexes (see discussion below).
In both populations, the adult lifespan of females was positively genetically correlated to the adult lifespan of males, but the cross-sex genetic correlations were significantly less than 1.0. The cross-sex genetic correlation also differed substantially between the populations, being almost twice as large in the SI population (r A between 0.782 and 0.836) as the BF population (r A between 0.325 and 0.486). This suggests that the genetic basis for the sexual dimorphism in lifespan differs between the populations -largely the same genes influence lifespan of males and females in the SI population, while either different genes affect lifespan of males and females in the BF population, or the genes have different effects on lifespan in males and females. This result requires more thorough examination. However, it is not surprising that different genes affect male and female lifespan in C. maculatus since recent QTL studies have demonstrated that different loci affect male and female lifespan in Drosophila (Vieira et al, 2000; Mackay, 2001) . Interestingly, in another experiment we found that the mode of inheritance (type and degree of allelic and genic interactions) of the population differences in lifespan differed between males and femalesthe difference in male lifespan between SI and BF beetles were influenced by a large maternal effect whereas the differences in female lifespan between SI and BF beetles were substantially influenced by dominance and epistasis (C Fox, in preparation).
SI and BF populations of C. maculatus
The SI and BF populations of C. maculatus differ substantially in adult size (SI are larger), adult longevity (SI live longer), larval competitiveness (SI are contest competitors, BF are scramble competitors), egg size, oviposition preference (SI prefer to oviposit on mung seeds, BF prefer cowpea), egg dispersion (SI disperse eggs more uniformly) and degree of paternal investment (greater male investment into reproduction in BF males) (Messina and Slade, 1997; Savalli et al, 2000) . Some of these life history differences are directly attributable to seed size differences between mung and cowpea, which selects for differences in female egg-laying strategies, larval competitive ability, and body size. We expected that the large difference in body size, which is clearly under selection associated with seed size and larval competition, would explain the difference in adult lifespan and mortality patterns. Our data suggest that body size is not adequate to explain host-associated differences in adult lifespan, nor the sex difference in adult lifespan. Thus, at this time we are unable to identify the reason why mortality patterns differ between populations, but ongoing experiments are testing whether differences in the patterns of inheritance can explain the population and sex differences and, because populations differ in their patterns of allocation to reproduction, we are testing whether differences between sexes and populations in the cost of reproduction explains the observed differences in mortality patterns. These experiments are on-going and will be reported in a later manuscript.
the Kentucky Young Scientist Summer Research Program at the University of Kentucky.
